Background: Selective and potent positive allosteric modulators (PAMs) of the M 1 mAChR have been recently described. Results: Use of structural analogues and mutagenic mapping identified the mechanistic basis for increased PAM activity. Conclusion: Combined analytical, structure-function, and modeling approaches uncover allosteric mechanisms at the M 1 mAChR. Significance: New chemical space can be explored in the development of tailored M 1 mAChR PAMs.
Benzylquinolone carboxylic acid (BQCA) is the first highly selective positive allosteric modulator (PAM) for the M 1 muscarinic acetylcholine receptor (mAChR), but it possesses low affinity for the allosteric site on the receptor. More recent drug discovery efforts identified 3-((1S,2S)-2-hydroxycyclohexyl)-6-((6-(1-methyl-1H-pyrazol-4-yl)pyridin-3-yl)methyl)benzo[h]
quinazolin-4(3H)-one (referred to herein as benzoquinazolinone 12) as a more potent M 1 mAChR PAM with a structural ancestry originating from BQCA and related compounds. In the current study, we optimized the synthesis of and fully characterized the pharmacology of benzoquinazolinone 12, finding that its improved potency derived from a 50-fold increase in allosteric site affinity as compared with BQCA, while retaining a similar level of positive cooperativity with acetylcholine. We then utilized site-directed mutagenesis and molecular modeling to validate the allosteric binding pocket we previously described for BQCA as a shared site for benzoquinazolinone 12 and provide a molecular basis for its improved activity at the M 1 mAChR. This includes a key role for hydrophobic and polar interactions with residues Tyr-179, in the second extracellular loop (ECL2) and Trp-400 7.35 in transmembrane domain (TM) 7. Collectively, this study highlights how the properties of affinity and cooperativity can be differentially modified on a common structural scaffold and identifies molecular features that can be exploited to tailor the development of M 1 mAChR-targeting PAMs.
G protein-coupled receptors (GPCRs) 7 are the largest class of cell surface receptors and mediate major physiological processes. With over 800 GPCRs encoded by the human genome, they are the target of more than 30% of currently marketed drugs (1) . The M 1 mAChR is one of five muscarinic receptor subtypes that belong to the family A GPCRs (2) . Numerous drug discovery efforts have focused on developing selective ligands for this receptor subtype as potential therapies for neurocognitive disorders, such as Alzheimer's disease and schizophrenia (3, 4) . Efforts aimed at targeting the highly conserved orthosteric (ACh) binding site have largely failed because of a lack of ligand subtype selectivity, whereas those targeting topographically distinct allosteric sites have proven more fruitful (5, 6) . However, allosteric ligands can display complex behaviors, modulating orthosteric ligand affinity or efficacy and/or displaying direct agonism in their own right. A surge in family A GPCR crystal structures has provided considerable insights into the location of orthosteric binding pockets and the molecular mechanisms underlying ligand binding and receptor activation (7, 8) . Of particular interest, the recent solution of a crystal structure of the M 2 mAChR co-bound with an allosteric modulator and an orthosteric agonist has given the first snapshot of a mechanism by which a modulator can act to enhance orthosteric agonist affinity (9) . However, such information is currently lacking for other GPCRs, and both the structural and dynamic bases of how allosteric modulation is transmitted between spatially distinct binding sites remain largely unexplored. Thus, a combination of structure-activity and structure-function studies of GPCR allostery remains a vital approach to addressing some of these challenges, provided that this approach is enriched by analytical methods that can dissect structural effects on ligand binding from transmission of cooperativity and receptor activation.
In a recent study, we combined site-directed mutagenesis, analytical modeling, and molecular dynamics to delineate regions of the M 1 mAChR governing actions of the prototypical positive allosteric modulator, BQCA (10) . This compound has emerged as a useful tool because it displays absolute subtype selectivity for the M 1 mAChR, has a very high positive cooperativity with ACh, displays a mechanism of action that appears in strict accordance with a simple two-state model of receptor activity (11) , and has shown in vivo efficacy (6, 12) . We identified several residues that contribute to the BQCA binding pocket as well as to the transmission of cooperativity with the orthosteric agonist, carbachol. Such residues were located in the ECL2 and at the top of TM2 and TM7. The BQCA binding pocket was proposed to partially overlap with the previously described "common" allosteric site in the extracellular vestibule of mAChRs (9, (13) (14) (15) (16) , suggesting that its high subtype selectivity derives from either additional contacts outside this region or through a subtype-specific cooperativity mechanism (17) .
Unfortunately, both the therapeutic utility of BQCA and potential for deeper mechanistic insights into M 1 mAChR allostery afforded by this molecule remain limited, because BQCA has a very low affinity for the M 1 mAChR in the absence of co-bound agonist (11) and poor aqueous solubility. This has mechanistic implications in that it limits the ability to utilize loss of function mutagenesis approaches to distinguish key residues that govern modulator affinity (thus directly contributing to the allosteric binding site) versus residues that contribute to the transmission of the allosteric effect (thus indirectly contributing to the observed potency and selectivity). Such insights would be greatly facilitated by the availability of higher affinity allosteric probes. Encouragingly, recent drug discovery efforts resulted in the disclosure of putative allosteric M 1 mAChR ligands with higher functional potency than BQCA, although the mechanism of action remains to be definitively established for a number of these compounds (18 -23) . One such compound, 3-((1S,2S)-2-hydroxycyclohexyl)-6-((6-(1-methyl-1Hpyrazol-4-yl)pyridin-3-yl)methyl)benzo[h]quinazolin-4(3H)one, referred to herein as benzoquinazolinone 12 (see Fig. 1 ), is of particular interest, because it is structurally derived from BQCA but has been reported to have substantially higher functional potency, on the basis of preliminary characterization (24, 25) . However, its ultimate mechanism of action and the structural basis for its higher potency remain undetermined.
In the current study, we developed an optimized synthesis of benzoquinazolinone 12, report the first comprehensive pharmacological characterization of its allosteric properties, and use site-directed mutagenesis of specific M 1 mAChR amino acid residues to determine ligand-receptor interactions that govern the actions of this compound at the M 1 mAChR and explain its improved allosteric properties in comparison to BQCA. We also contextualize our experimental findings using molecular modeling and find that many of the key residues that form the allosteric binding pocket at the M 1 mAChR are structurally conserved in other mAChR subtypes (9, (13) (14) (15) and even other GPCRs (26, 27) . Collectively, our results highlight how allosteric selectivity can be attained not only via selective affinity for a defined binding pocket but also by differential cooperativity between subtypes and can provide the basis for the design of novel M 1 mAChR-selective allosteric ligands.
EXPERIMENTAL PROCEDURES
Materials-CHO FlpIn cells and DMEM were purchased from Invitrogen. FBS was purchased from ThermoTrace (Melbourne, Australia). Hygromycin-B was purchased from Roche. [ 3 H]N-methylscopolamine ([ 3 H]NMS); specific activity, 84.1 Ci/mmol) and MicroScint scintillation liquid were purchased from PerkinElmer Life Sciences. IP-One assay kit and reagents were purchased from Cisbio (Codolet, France). All other chemicals were purchased from Sigma-Aldrich. BQCA and benzoquinazolinone 12 were synthesized in house as described in the supplemental materials.
Cell Culture and Receptor Mutagenesis-Mutations of the c-myc-hM 1 mAChR sequence were generated using the QuikChange site-directed mutagenesis kit (Agilent Technologies, La Jolla, CA) following the manufacturer's instructions. All mutations were confirmed by DNA sequencing (Australian Genome Research Facility, Melbourne, Australia). Mutant c-myc-hM 1 mAChR DNA constructs were transfected into FlpIn CHO cells (Invitrogen) and selected using 0.2 mg/ml hygromycin for stable expression.
Whole Cell Radioligand Binding Assays-Saturation binding assays were performed using cells plated at 10 4 cells per well in 96-well Isoplates (PerkinElmer Life Sciences). The following day, the cells were incubated with the orthosteric antagonist [ 3 H]NMS in a final volume of 100 l of HEPES buffer (10 mM HEPES, 145 mM NaCl, 1 mM MgSO 4 ⅐7H 2 O, 10 mM glucose, 5 mM KCl, 2 mM CaCl 2 , 1.5 mM NaHCO 3 , pH 7.4) for 2 h at room temperature. For competition binding assays, cells were plated at 2.5 ϫ 10 4 cells/well. The following day, cells were incubated in a final volume of 100 l of HEPES buffer containing increasing concentrations of the competing cold ligand ACh (in the absence or presence of increasing concentrations of the allosteric modulator) in a humidified incubator for 1.5 h at 37°C in the presence of 0.3 nM [ 3 H]NMS. Nonspecific binding was defined in the presence of 100 M atropine. For all experiments, termination of the assay was performed by rapid removal of radioligand followed by two 100-l washes with ice-cold 0.9% NaCl buffer. Radioactivity was determined by addition of 100 l of Microscint scintillation liquid (PerkinElmer Life Sciences) to each well and counting in a MicroBeta plate reader (Perkin-Elmer Life Sciences).
IP-One Accumulation Assays-The IP-One assay kit (Cisbio, France) was used for the direct quantitative measurement of myo-inositol 1 phosphate (IP 1 ) in FlpIn CHO cells stably expressing either WT or mutant hM 1 mAChRs. Cells were seeded into 384-well Proxy plates (PerkinElmer Life Sciences) at 7,500 cells/well . The following day cells were stimulated with ACh in IP 1 stimulation buffer (10 mM HEPES, 1 mM CaCl 2 , 0.5 mM MgCl 2 , 4.2 mM KCl, 146 mM NaCl, 5.5 mM glucose, 50 mM LiCl, pH 7.4) in the absence or presence of increasing concentrations of the allosteric modulator and incubated for 1 h at 37°C, 5% CO 2 . Cells were lysed by the addition of homogenous time resolved FRET reagents, the cryptate-labeled anti-IP 1 antibody, and the d 2 -labeled IP 1 analogue, followed by incuba-tion for 1 h at room temperature. The emission signals were measured at 590 and 665 nm after excitation at 340 nm using the Envision multilabel plate reader (PerkinElmer Life Sciences), and the signal was expressed as the homogenous time resolved FRET ratio: F ϭ ((fluorescence 665 nm /fluorescence 590 nm ) ϫ 10 4 ). Experiments using WT M 1 mAChR CHO FlpIn cells were performed in parallel each day.
Computational Methods for the Model of the Ligand-Receptor Complex-Our previously described hM 1 mAChR model was used for the structural study (10) . Docking of the ligands was performed using MOE (Molecular Operating Environment Chemical Computing Group). ACh was docked manually into the receptor model with the quaternized nitrogen of the choline head group interacting with Asp 3.32 and the ester group situated toward TMIII-TMVI, resembling the position of the ligands described in the mAChR crystal structures (Protein Data Bank codes 3UON (28) and 4DAJ (29) ). Benzoquinazolinone 12 was docked into the hM 1 mAChR allosteric binding site described for BQCA. The complex was subjected to an energy minimization using MMFF94X force field and was further refined by means of MD simulations (performed with NAMD2.9 (30) package) using a previously described protocol (31) .
Data Analysis-All data were analyzed using Prism 6.01 (GraphPad Software, San Diego, CA). Inhibition binding curves between [ 3 H]NMS and unlabeled ligands were fitted to a onesite binding model (32) . Binding interaction studies with allosteric ligands were fitted to the following allosteric ternary complex model (33) ,
where Y is the percentage (vehicle control) binding, B max is the total number of receptors; [A], [B], and [I] are the concentrations of radioligand, allosteric modulator, and the orthosteric ligand, respectively; and K A , K B , and K I are the equilibrium dissociation constants of the radioligand, allosteric modulator, and orthosteric ligand, respectively. ␣Ј and ␣ are the binding cooperativities between the allosteric modulator and radioligand and the allosteric ligand and orthosteric ligand, respectively. Values of ␣ (or ␣Ј) that are Ͼ1 denote positive cooperativity, values of Ͻ1 (but Ͼ0) denote negative cooperativity, and a value of 1 denotes neutral cooperativity. Concentration-response curves for the interaction between the allosteric ligand and the orthosteric ligand in the IP-One accumulation assays were globally fitted to the following operational model of allosterism and agonism (34) ,
where E m is the maximum possible cellular response; [A] and [B] are the concentrations of orthosteric and allosteric ligands, respectively; K A and K B are the equilibrium dissociation con-stant of the orthosteric and allosteric ligands, respectively; A and B are operational measures of orthosteric and allosteric ligand efficacy, respectively, ␣ is the binding cooperativity parameter between the orthosteric and allosteric ligand, and ␤ denotes the magnitude of the allosteric effect of the modulator on the efficacy of the orthosteric agonist. In many instances, the individual model parameters of Equation 2 could not be directly estimated via the nonlinear regression algorithm by analysis of the functional data alone, because of parameter redundancy. To facilitate model convergence, therefore, we fixed the equilibrium dissociation constant of each ligand to that determined from the whole cell binding assays. This practice assumes that the affinity determined in the whole cell binding assays is not significantly different from the "functional" affinity operative at the level of the signaling assay, which may not always be the case (35) and thus may lead to a systematic error in the estimate of the operational efficacy parameter, . However, because only a single pathway (IP 1 ) is being considered, the relative differences between values remain valid for statistical comparison purposes. All affinity, potency, and cooperativity values were estimated as logarithms (36) , and statistical comparisons between values were by one-way analysis of variance using a Dunnett's multiple comparison post test to determine significant differences between mutant receptors and the WT M 1 mAChR. A value of p Ͻ 0.05 was considered statistically significant.
RESULTS

Identification of Benzoquinazolinone 12 as a Selective Positive
Allosteric Modulator of the M 1 mAChR with Higher Affinity than BQCA-In a patent from Merck (25), a series of aryl methyl benzoquinazolinone compounds were disclosed as selective positive allosteric modulators of the M 1 mAChR. One such compound, 3-((1S,2S)-2-hydroxycyclohexyl)-6-((6-(1methyl-1H-pyrazol-4-yl)pyridin-3-yl)methyl)benzo[h]quinazolin-4(3H)-one (referred to herein as benzoquinazolinone 12; Fig. 1A ), was identified as a potent and selective modulator based on its ability to potentiate a single EC 20 concentration of ACh in a calcium mobilization assay (25, 37) . We developed an optimized synthesis, improving the overall yield (Scheme S1 in the supplemental materials) of this compound, followed by detailed pharmacological characterization. We performed whole cell equilibrium competition binding using the radiolabeled antagonist [ 3 H]NMS to study the interaction between ACh and benzoquinazolinone 12. An allosteric ternary complex model (Equation 1) was applied to the data to obtain estimates of modulator affinity for the M 1 mAChR (pK B ), and its binding cooperativity with ACh (Log ␣) ( Fig. 2 and Table 1 ). This revealed that compared with the prototypical M 1 mAChR positive allosteric modulator BQCA, benzoquinazolinone 12 displays a greater than 50-fold increase in affinity for the M 1 mAChR (Fig. 1B , K B ϭ 15 M and K B ϭ 0.3 M, for BQCA and benzoquinazolinone 12, respectively) while maintaining a similar level of positive cooperativity with ACh ( Fig. 2A and Table  1 ). Interestingly, the modulator displayed high negative cooperativity with the inverse agonist radioligand, which is also a property shared by BQCA (11) . Moreover, we confirmed the absolute subtype selectivity of benzoquinazolinone 12 in bind-ing studies using cells expressing the M 2 , M 3 , M 4 , and M 5 mAChRs. As shown in Fig. 2C , benzoquinazolinone 12 does not modulate the affinity of ACh at any of these receptor subtypes. We next extended our characterization of this ligand to functional assays. Using IP 1 accumulation as a canonical measure of M 1 mAChR activation resulting from preferential activation of G␣ q proteins, and analysis of the data by applying an operational model of allostery (Equation 2), we found that both func-tional cooperativity (Log ␣␤) and the intrinsic efficacy (Log B ) of benzoquinazolinone 12 were similar to those determined for BQCA (Table 1 and Fig. 2B ). It was of interest, therefore, to determine the structural basis of the improved allosteric action of benzoquinazolinone 12 as compared with BQCA at the level of receptor residues that this ligand engages and confirm whether benzoquinazolinone 12 engages the same allosteric site as that which we have proposed for BQCA (10) . Effect of Amino Acid Substitution to Ala on the Binding and Function of Benzoquinazolinone 12-As shown above, our pharmacological characterization revealed that benzoquinazolinone 12 displayed a 50-fold increase in allosteric site affinity as compared with BQCA (Table 1) . Using a structure-function approach, we next sought to investigate whether benzoquinazolinone 12 binds to the same allosteric pocket as BQCA and the ligand-receptor interactions that govern its binding affinity and cooperativity with ACh.
We focused our investigation on the three amino acid residues we recently identified as contributing to the BQCA binding pocket at the M 1 mAChR (Tyr-85 2.64 in TM2, Tyr-179 in ECL2, and Trp-400 7.35 in TM7) (10) . In addition, we included Tyr-82 2.61 in TM2, which is conserved in the related M 2 mAChR and previously identified to contribute to the binding pocket of several allosteric modulators at that subtype (9, 13, 15) . Each of these aromatic residues was mutated to Ala, and the mutant M 1 mAChRs were stably expressed in FlpIn CHO cells. Only W400 7. 35 A showed Ͼ50% reduction in cell surface receptor expression compared with the WT ( Table 2 ). The equilibrium dissociation constants of the orthosteric antagonist [ 3 H]NMS (pK A ) and the orthosteric agonist ACh (pK I ) were significantly reduced at Y82 2.61 A and Y85 2.64 A, whereas only ACh affinity was reduced at W400 7.35 A (Table 2) , consistent with previously published findings (13, 14, 38 -40) .
We then investigated the effect of each of these mutations on the affinity and function of benzoquinazolinone 12. Binding interaction studies revealed that although the affinity of BQCA (pK B ) and its binding cooperativity with ACh (Log ␣) were not affected by the Y82 2.61 A mutation, benzoquinazolinone 12 displayed a significantly reduced affinity at this mutant receptor with no significant change in its binding cooperativity with ACh (Tables 3 and 4 and Fig. 3, top and middle panels) . Similarly, the pK B and Log ␣ of BQCA were not affected by the Y85 2.64 A mutation; however, the pK B (but not the binding cooperativity) of benzoquinazolinone 12 were significantly lower compared with WT. A Tyr in ECL2 (Tyr-179 in the M 1 mAChR) has been found in numerous studies to be involved in the binding of allosteric ligands at the mAChR family (10, (12) (13) (14) (15) . As shown in Tables 3 and 4 and Fig. 3 (top and middle panels), mutation of this residue has a profound effect on both BQCA and benzoquinazolinone 12, although mechanistically the effect on BQCA appears to be via reduced cooperativity with ACh, whereas the effect on benzoquinazolinone 12 is a ϳ100-fold reduction in its affinity for the allosteric site. In contrast, Ala substitution of the conserved Trp-400 7.35 residue in TM7 completely abolished the binding of both BQCA and benzoquinazolinone 12 ( Table 3 and Fig. 3, top and middle panels) , suggesting that this residue is a key direct contributor to the allosteric binding pocket. It is also interesting to note that the binding cooperativity between ACh with benzoquinazolinone 12 was not significantly different from WT at any of the Ala mutants with the exception of W400 7. 35 A. As such, these aromatic residues appear to be critical for the binding of benzoquinazolinone 12 but do not participate in the transfer of cooperativity between benzoquinazolinone 12 and the ACh binding site.
Analysis of the allosteric modulator effects at the Ala mutants using an IP 1 accumulation assay revealed that the functional cooperativity (Log ␣␤) of benzoquinazolinone 12 with ACh is increased at Y82 2.61 A but not affected by Ala substitution at Tyr-85 2.64 (Table 4 and Fig. 3, bottom panel) . At both Y179A and W400 7. 35 A, BQCA showed no potentiation of ACh. However, in the case of benzoquinazolinone 12 at Y179A, ; for this analysis, the pK A of ͓ 3 H͔NMS was constrained to 9.92, and the cooperativity between ͓ 3 H͔NMS with each of the modulators was constrained to Ϫ2, consistent with high negative cooperativity between the two ligands. c Logarithm of the functional cooperativity between ACh and the modulator. 35 , residues shown to be of key importance for the activity of BQCA, are also important for the binding of benzoquinazolinone 12. This is consistent with both ligands binding to the same allosteric site within the M 1 mAChR. Furthermore, these results reveal that mutation of Tyr-179 reduces benzoquinazolinone 12 binding affinity but not cooperativity. It is interesting to note that although BQCA was unaffected by both Y82 2.61 A and Y85 2.64 A mutations, this was not the case for benzoquinazolinone 12. As such, the replacement of the methoxy group with an aromatic substituent at the 4-position of the benzylic pendant of BQCA or the replacement of the carboxylic acid with the corresponding 3-((1S,2S)-2-hydroxycyclohexyl) group present in benzoquinazolinone 12 must confer sensitivity to mutation of these TM2 residues. Benzoquinazolinone 12 and Comparison with BQCA-To rationalize our findings, we performed ligand docking and molecular dynamic simulations. This resulted in one main pose of benzoquinazolinone 12 in an M 1 mAChR in which ACh was co-bound. This was then compared with the complex of BQCA with carbachol (CCh) bound to the M 1 mAChR obtained using the same methodology in our previous study (10) . The complex (Tables 3 and 4 ). *, significantly different (p Ͻ 0.05) from WT as determined by one-way ANOVA with Dunnett's post hoc test. nd, not determined (no allosteric modulation).
Molecular Dynamics Simulations and Ligand Docking of
TABLE 3 Allosteric modulator equilibrium dissociation constants (pK B ) and binding cooperativity (Log ␣) estimates for the interaction with ACh at the WT and mutant M 1 mAChRs
Estimated parameter values represent the means Ϯ S.E. of three or four experiments performed in duplicate. pK B is the negative logarithm of the equilibrium dissociation constant of the modulator, as estimated by Equation 1 from binding interaction studies with ACh; for this analysis, the pK A of ͓ 3 H͔NMS for the WT and each of the mutants was constrained to the values listed in Table II . The cooperativity between ͓ 3 H͔NMS with each of the modulators was constrained to Ϫ2, consistent with high negative cooperativity between the two ligands. ND, not determined (no allosteric modulation). 
TABLE 4 Functional cooperativity (Log ␣␤) estimates for the interaction between the allosteric modulators and ACh at the WT and mutant M 1 mAChRs
Estimated parameter values represent the means Ϯ S.E. of three or four experiments performed in duplicate. Log ␣␤ is the logarithm of the functional cooperativity factor between the modulator and ACh as estimated by Equation 2 . For this analysis, the pK I values for ACh were fixed to those determined from the radioligand binding assays as listed in Table 2 . ND, not determined (no allosteric modulation). for benzoquinazolinone 12 and ACh bound to the modeled M 1 mAChR is shown in Fig. 4 . As for CCh in our previous study and analogous to that observed in receptor crystal structure of the M 2 mAChR in complex with the agonist iperoxo (9), Asp-105 3.32 engages the quaternized choline head group of ACh. Furthermore, ACh lies within a hydrophobic pocket formed by residues Tyr-106 3.33 , Trp-157 4.57 , Tyr-381 6.51 , and Tyr-408 7.43 .
Log
In the BQCA-bound complex, stability is added to this binding pocket through a network of hydrogen bond interactions between Tyr-381 6.51 , Tyr-106 3.33 , and Tyr-404 7.39 (10) . These Tyr residues essentially form an aromatic lid over ACh via cat-ioninteractions. It is interesting to note that in the case of the complex with benzoquinazolinone 12 bound, although the interaction between Tyr-381 6.51 and Tyr-106 3.33 is maintained, Tyr-404 7.39 faces TM2 and interacts with Tyr-82 2.61 (Fig. 4) . Analysis of the molecular dynamics trajectories reveals that both BQCA and benzoquinazolinone 12 adopt a similar pose (Fig. 5) . In both cases, the binding site for the ligands is defined by residues from TM2, TM7, and ECL2 and is in agreement with our mutagenesis studies. In particular, the significant effects of the mutation of Tyr-179 to Ala in ECL2 and Trp-400 7.35 in TM7 on the pharmacology of BQCA and benzoquinazolinone 12 can be reconciled with the poses of each ligand. In both BQCA and benzoquinazolinone 12 complexes, Tyr-179 is predicted to contribute to the stable binding of the compounds via hydrophobic/edge to faceinteractions with the bicyclic 4-oxoquinoline core of BQCA or tricyclic benzo-[h]quinazolin-4(3H)-one core of benzoquinazolinone 12. In addition, the hydroxyl group of Tyr-179 may form a polar or potential hydrogen bond interaction with the OH group of the 3-((1S,2S)-2-hydroxycyclohexyl) moiety of benzoquinazolinone 12. This interaction cannot take place in the BQCA bound complex, because BQCA does not bear the corresponding amide moiety. Trp-400 7.35 is predicted to interact with the benzylic pendant of both BQCA and benzoquinazolinone 12. However, in the BQCA bound complex, Trp-400 7.35 is positioned horizontally below the benzylic pendant of BQCA and is predicted to make astacking interaction with this moiety (Fig.  5A ). In comparison, to accommodate the additional N-methylpyrazole substituent of benzoquinazolinone 12, Trp-400 7.35 is positioned in a more vertical orientation and extends toward TM6. This orientation allows the following interactions: (a) edge to face -/hydrophobic interactions with the N-methylpyrazole substituent of benzoquinazolinone 12, (b) hydrophobic sandwich of pyrazole substituent between Trp-400 7.35 and Tyr-179, (c) astacking interaction with Phe-182 in ECL2, NOVEMBER 28, 2014 • VOLUME 289 • NUMBER 48 JOURNAL OF BIOLOGICAL CHEMISTRY 33707 which appears to pull ECL2 toward TM7, creating a tighter allosteric binding pocket as compared with that observed in the BQCA bound complex (Fig. 5, A and B) . The additional interactions observed in the complex with benzoquinazolinone 12 can explain, in part, the increased affinity of benzoquinazolinone 12 as compared with BQCA. The TM2 residues Tyr-85 2.64 and Tyr-82 2.61 are predicted to delimit the allosteric site in both complexes via edge to face -/hydrophobic interactions with the 4-oxoquinoline ring system in the case of BQCA. However, the tricyclic core of benzoquinazolinone 12 is closer to TM2 (Fig. 5A ), allowing interactions with both residues, which may also contribute to the higher binding affinity of benzoquinazolinone 12. In agreement with this pose, mutation of both Tyr-85 2.64 and Tyr-82 2.61 caused a greater than 10-fold loss of affinity for benzoquinazolinone 12, whereas no effect upon the affinity of BQCA was observed. The closer interaction of Tyr-82 2.61 with benzoquinazolinone 12 may allow for increased ligand-receptor hydrophobic interactions that may account for the higher binding affinity of this ligand at the allosteric binding site (Fig. 5, A and B) . Of interest, Tyr-82 2.61 makes a H-bond interaction with Tyr-404 7.39 , one of the residues that forms the aromatic 'lid' over the CCh binding site in the BQCA bound complex. As such, this interaction may provide part of the cooperative mechanism through which binding of benzoquinazolinone 12 to the allosteric pocket modulates the shape of and ligand receptor interactions within the orthosteric pocket.
Structure-Function Analysis of M 1 Receptor Allosteric Ligands
Effect of Conservative Amino Acid Substitution on the Binding and Function of BQCA and Benzoquinazolinone 12-Our mutagenesis and modeling studies highlight the particular importance of Tyr-85 2.64 and Tyr-82 2.61 in TM2, Tyr-179 in ECL2, and Trp-400 7.35 in TM7. However, such an Ala scanning approach, although useful to highlight the importance of individual residues for the binding of a ligand, can only give limited information regarding the nature of these interactions. In particular our modeling studies suggested that Tyr-85 2.64 , Tyr-82 2.61 , and Tyr-179 might participate in a hydrogen bond network with the ligand and/or with other residues in the complex with benzoquinazolinone 12 but not in the BQCA complex. To further understand the contribution of each of the aromatic amino acid residues to the allosteric binding pocket, we tested the effects of more subtle amino acid substitutions on ligand binding and function. We mutated each Tyr residue (Tyr-82 2.61 , Tyr-85 2.64 , and Tyr-179) or Trp-400 7.35 to Phe. In addition, we mutated Tyr-179 to Trp with the expectation that this larger, bicyclic aromatic residue would be able to make stronger interactions with the benzylic pendant of both ligands as suggested from our BQCA analogues SAR data (41) , Ala mutation data, and modeling results. We compared the effects of these mutations upon the pharmacology of both BQCA and benzoquinazolinone 12 (Fig. 6) .
As with the Ala substitutions, we first tested the effects of the mutants on orthosteric ligand binding and cell surface receptor expression. Whole cell [ 3 H]NMS saturation binding experiments showed that all the mutations led to a significant reduction in cell surface receptor expression compared with the WT ( Table 2 ). The maximum decrease in receptor expression relative to WT was ϳ2-fold at Trp-400 7.35 F. In addition to receptor expression, the equilibrium dissociation constant of the orthosteric antagonist [ 3 H]NMS (pK A ) or the orthosteric agonist ACh (pK I ) were also determined ( Table 2 ). Y82 2.61 F and W400 7.35 Y caused slight but significant increases in [ 3 H]NMS affinity. The remaining mutants had no effect on orthosteric ligand binding. The potency (EC 50 ) of ACh in IP 1 assays was significantly reduced at all the mutants, likely because of the reduction in receptor surface expression ( Table 2) .
To determine the effects of each mutant on allosteric ligand binding affinity (pK B ) and cooperativity (Log ␣) with ACh, we performed whole cell binding interaction studies for both BQCA and benzoquinazolinone 12. The pK B and Log ␣ of BQCA were unchanged at the Tyr to Phe mutants (Y85 2.64 F, Y82 2.61 F, and Y179F) ( Table 3 ), suggesting that the ability of these residues to make hydrophobic, rather than polar, interactions is predominant for their role in BQCA binding and function. In contrast, substitution of the conserved aromatic residue Trp-400 to less bulky aromatic amino acids (W400 7.35 F and W400 7.35 Y) caused significant reductions in BQCA and benzoquinazolinone 12 binding affinity (Table 3) . Interestingly, substitution of Tyr-85 2.64 and Tyr-82 2.61 in TM2 and Tyr-179 in ECL2 to Phe resulted in significant decreases in the binding affinity of benzoquinazolinone 12. This suggests that the ability to make polar interactions has a significant contribution to their role in the binding of benzoquinazolinone 12 and is in agreement with the network of interactions predicted by our modeling experiments. Replacement of Tyr-179 with a Trp did not significantly change the affinity of either BQCA or benzoquinazolinone 12. The binding cooperativity of BQCA with ACh was only reduced at W400 7.35 F (Table 3) . Interestingly, and in agreement with the results at the corresponding Ala mutants, the binding cooperativity of benzoquinazolinone 12 with ACh was not significantly changed at any of these conservative mutants ( Table 3) .
We extended our study to look at the effect of these mutations upon the action of BQCA and benzoquinazolinone 12 in a functional assay. Analysis of the allosteric potentiation of ACh by BQCA in an IP 1 accumulation assay revealed that the functional cooperativity was profoundly reduced at Y85 2.64 F and W400 7.35 F, although benzoquinazolinone 12 showed reduced cooperativity with ACh at W400 7.35 Y but not the other mutations. Both ligands showed unchanged cooperativity at Y179W (Table 4 ), in agreement with the binding results.
DISCUSSION
Significant efforts have been directed at the discovery of novel selective ligands of the M 1 mAChR as a therapeutic approach for neurocognitive disorders, such as Alzheimer's disease (3, 42) . From these efforts, the compounds that display the most exquisite selectivity target an allosteric site of this receptor, as exemplified by BQCA (6, 12) . More recently, benzoquinazolinone 12, an analogue of BQCA, was described as a modulator with improved allosteric activity (25) . We have now provided a detailed characterization of benzoquinazolinone 12, demonstrating that its increase in activity at the M 1 mAChR as compared with BQCA is largely derived from an approximately 50-fold increase in affinity, whereas both functional and binding cooperativity with ACh are not substantially changed. Furthermore, benzoquinazolinone 12 not only displays high positive cooperativity with agonist binding but also high negative cooperativity with the binding of the orthosteric antagonist [ 3 H]NMS. Thus, benzoquinazolinone 12 appears to conform to the classic Monod-Wyman-Changeux mechanism of action previously described for BQCA (11) .
Our previous SAR study of derivatives of BQCA revealed four discrete areas of structural modification that conferred distinct effects on the allosteric activity of these compounds (41) . Alternative substitution of the 5-and 8-positions of the quinolone ring appeared to modulate intrinsic efficacy ( B ); isosteric replacement of the carboxylic acid moiety or amide derivatives modulated cooperativity parameters (␣ and ␤) and, finally, replacement of the pendant N-alkyl group modulated affinity (pK B ). The ability to enrich allosteric SAR by dissecting these molecular parameters can also be used to link these parameters to receptor structural information, thus yielding new insights into the structural basis of allostery. In the current study, we applied this approach to explore the structural basis of the improved allosteric activity of benzoquinazolinone 12 at the M 1 mAChR in comparison to BQCA. This is important, because the location and nature of the allosteric site for most GPCRs remains poorly characterized. Our combined mutagenesis and molecular modeling experiments provide evidence that BQCA and benzoquinazolinone 12 occupy a similar pocket of the M 1 mAChR. In our previous study, we proposed that Tyr-179 (in ECL2) and Trp-400 7.35 were of key importance for the activity of BQCA (10) . In the current work, we confirmed this result and found that the W400 7.35 A mutation abrogated detectable binding of compound benzoquinazolinone 12, whereas the compound also displayed a 100-fold decrease in affinity at the Y179A mutant. However, this latter mutation had no effect upon the cooperativity of benzoquinazolinone 12. In agreement with the role of Tyr-179 as a determinant of both BQCA and benzoquinazolinone 12 affinity or transmission of cooperativity, our modeling studies reveal that this residue provides hydrophobic/edge to faceinteractions with the bicyclic core of BQCA or tricyclic core of benzoquinazolinone 12, although the rotameric orientation of the residue differs slightly depending on the molecule bound. Indeed, mutation of this Tyr to the aromatic residues Phe or Trp had no effect, confirming that Tyr-179 makes predominantly hydrophobic interactions with both ligands. Trp-400 7.35 is predicted to interact with the benzylic pendant of both BQCA and benzoquinazolinone 12. Indeed, the importance of this interaction is validated both by our structure-function analysis and by the SAR of BQCA derivatives (41) and benzoquinazolinone 12. The mutation of Trp-400 7.35 to Ala completely abolished detectable binding of all allosteric modulators in this study. Furthermore, the additional aromatic substitution of the 4-position of the benzylic pendant conferred a gain in affinity. Such substitutions would enhance the ability of these ligands to make hydrophobic interactions with Trp-400 7. 35 . In agreement with this hypothesis, the conservative mutation of Trp-400 7.35 to the smaller Phe or Tyr conferred decreases in affinity. In the BQCA-bound complex Trp-400 7.35 is positioned horizontally below the benzylic pendant of BQCA and makes astacking interaction with this moiety. In comparison, to accommodate the additional pyrazole substituent of benzoquinazolinone 12, Trp-400 7.35 is positioned in a more vertical orientation and extends toward TM6. This change in orientation allows the pyrazole substituent of benzoquinazolinone 12 to make hydrophobic interactions with both Trp-400 7.35 and Tyr-179. Of interest, in the M 2 mAChR crystal structure, Trp-422 7.35 adopts a vertical conformation in the presence of the positive allosteric modulator LY2119620 and a horizontal conformation with iperoxo alone. The vertical conformation of this residue in the M 2 -iperoxo-LY2119620 complex allows it to engage in an aromatic stacking interaction with the modulator (9).
The TM2 residues Tyr-85 2.64 and Tyr-82 2.61 are predicted to line the allosteric pocket in both BQCA and benzoquinazolinone 12-bound complexes. However, the tricyclic core of benzoquinazolinone 12 is predicted to be closer to TM2, conferring stronger interactions with both residues, which may contribute to the higher binding affinity of benzoquinazolinone 12. In agreement with this pose, mutation of both Tyr-85 2.64 and Tyr-82 2.61 to Ala caused a greater than 10-fold loss of affinity for benzoquinazolinone 12, whereas no effect upon the affinity of BQCA was observed. Tyr-82 2.61 was predicted to make a H-bond interaction with Tyr-404 7.39 in the benzoquinazolinone 12-bound complex but not in the BQCA-bound complex. Interestingly, mutation of Tyr-82 2.61 to Phe caused a significant decrease in the pK B of benzoquinazolinone 12 for the mutant receptor but not BQCA. Tyr 7.39 has been shown to play a key role in the binding of the orthosteric ligand iperoxo in the active structure of the M 2 mAChR, forming an aromatic lid over the ligand amine, an interaction present in our BQCA bound complex. Indeed, this residue has been shown to play an important role in orthosteric ligand binding at a number of GPCRs. Of interest, mutation of the corresponding residue in the M 4 mAChR caused a significant decrease in the binding cooperativity of the positive allosteric modulator LY2033298 with ACh (14) . This suggests that this residue is also important for transfer of cooperativity between the allosteric and orthosteric binding sites. It is also interesting to note that the additional pyrimidinone ring in benzoquinazolinone 12 is predicted to be positioned above the allosteric binding pocket. Although the functional significance of this portion of the modulator has not yet been investigated through structure-activity relationships, a recent report by Kuduk et al. (44) highlights the importance of the intramolecular hydrogen bond between the 4-oxo moiety and 3-carboxylic acid group present in bicyclic BQCA-type scaffolds, suggesting that this hydrogen bond is key for allosteric activity. We hypothesize that the pyrimidinone ring that forms part of the tricyclic core in benzoquinazolinone 12 formalizes the rigidity imparted by this intramolecular hydrogen bond.
Dror et al. (13) recently used molecular dynamics to identify two binding centers in the extra cellular vestibule of the M 2 mAChR that are implicated in the binding of several structurally diverse positive and negative allosteric modulators, each of the binding centers is defined by a pair of aromatic residues (Centre 1 Tyr-177 ECL2 and Trp 7.35 , Centre 2 Tyr 2.61 , and Tyr 2.64 ). Additionally, the M 2 mAChR crystal structure co-bound by the orthosteric agonist iperoxo and the positive allosteric modulator LY2119620 shows that the aromatic rings of the modulator are situated directly between Tyr-177 in ECL2 and Trp-422 7.35 , forming a three-layered aromatic stack (9) . A previous mutagenesis study implicated Tyr-177 as a contact for the LY2119620 congener LY2033298 at the M 2 mAChRs (43) . We identified the equivalent M 1 mAChR residues as key contributors for the binding and function of BQCA (10) and benzoquinazolinone 12. In particular, because benzoquinazolinone 12 displays significantly higher affinity than BQCA, we were able to demonstrate that Tyr-179 has a major role in the binding of allosteric ligands or in the transfer of cooperativity. Tyr 2.64 and Trp 7. 35 are conserved across all mAChR receptor subtypes, Tyr 2.61 is conserved across all but the M 3 mAChR (where it is a similarly aromatic Phe residue), and Tyr-179 is only present at the M 1 and M 2 mAChRs but is a Phe at the M 3 and M 4 mAChRs. This is consistent with BQCA and its analogues sharing a common binding site with other prototypical mAChR allosteric modulators. Although these findings provide insight into the location of the binding pocket for mAChR allosteric modulators, they do not explain how some of these ligands achieve subtype selectivity. As we hypothesized in our earlier studies, it is likely that receptor subtype selectivity is achieved via selective cooperativity of the modulators with the orthosteric ligands.
In summary, our combined mutagenesis and molecular dynamics simulations have validated the allosteric binding pocket we previously described for BQCA and provided a mechanistic basis for observed SAR of M 1 mAChR positive allosteric modulators. In particular, we have demonstrated that benzoquinazolinone 12 displays a significant increase in affinity at the M 1 mAChR and identified the ligand-receptor interactions that confer this increase. These insights will provide the basis for the development of novel M 1 mAChR selective allosteric ligands that explore new chemical space.
